We have investigated a 13-year-old girl from first cousin parents who presented with severe hemolytic anemia. Hematologic studies showed unstable hemoglobin (Hb) disease (chronic Heinr body anemia), and DNA analysis showed that the patient was homozygous for the previously reported abnormal Hb called Hb Bushwick (p"E.18 gly -+ Val). Hb Bushwick is unstable in vitro and in vivo. In addition, using globin chain biosynthetic studies, we show that the pBu'hw'ck chains are unstable. Six members of the patient's family were heterozygous for Hb Bushwick and had a compensated hemo-BNORMALLY unstable hemoglobins (Hbs) are a wellrecognized cause of chronic hemolytic anemia, and some 90 Hb variants causing this type of pathology have been reported.' Because Hb precipitates can be visualized with supravital stains as Heinz bodies, unstable Hb disease is also referred to as chronic Heinz body anemia (CHBA).' The main mechanism of hemolysis in this condition is probably the intracellular precipitation of the abnormal Hb,3 which renders the erythrocyte susceptible to removal by macrophages in the spleen and in other organs. In addition, at least in some cases there is evidence of intravascular hemolysis and ineffective erythrop~iesis.~ Because low solubility is, by definition, an intrinsic property of unstable Hbs, precipitates form even in the presence of normal Hb, thus providing a good explanation for the dominant pattern of inheritance of CHBA. Indeed, all of the patients reported thus far have been heterozygotes.
A CASE REPORT
A 13-year-old Pakistani girl, the offspring of a marriage between first cousins, presented as an emergency case with an upper respiratory infection and severe anemia (Hb level, 3.8 g/dL). Because of impending heart failure she received a transfusion of 3 U of blood over a period of 48 hours. The patient had never received any blood transfusions previously. She was subsequently investigated and found to have persistent anemia (Fig l) , with reticulocytosis (Table l), mild jaundice (billirubin level, 25 pmol/L), and a spleen palpable to 5 cm below the costal margin. Iron studies (serum iron, total iron binding capacity [TIBC] , and iron transfemn saturation), B,Z, and serum folate levels were all normal. The femtin level was 32 and 26 pg/L on two occasions. The patient has not required any blood transfusions since the clinical episode that led to her initial investigation.
MATERIALS AND METHODS
Full blood counts were determined on a Sysmex 5000 (TOAMedical Electronic CO Ltd, Kobe, Japan) and hematologic studies were performed using standard techniques.5 Hb electrophoresis was performed on cellulose acetate (pH 8.5) and citrate agar gel (pH 6.0). Hb F was quantitated by alkali denaturation and Hb Az was estimated by elution from cellulose acetate electrophoretic strips. The presence of unstable Hb was investigated by both the isopropalytic disorder. By contrast, the homozygous patient had chronic anemia caused by a combination of hemolysis and ineffective erythropoiesis that was subject to severe exacerbation concomitant with infection. Thus, although unstable Hb disease is correctly regarded as dominant, we clearly see a dosage effect in its expression, whereby the homozygous state is still compatible with life although the red blood cells contain nearly 1009'0 unstable Hb. 0 1995 by The American Society of Hematology.
no1 and the heat stability tests.' To obtain a semiquantitative estimate of the unstable Hb, hemolysates were incubated at 50°C for 5 hours and at intervals of time the Hb remaining in solution was measured with Drabkin's reagent at 540 nm. The 0, dissociation curve was performed and the 2,3-diphosphoglycerate (2,3 DPG) concentration was detenr~ined.~ Reticulocytes in whole blood from the patient's sample were incubated at 37°C for 5 to 90 minutes with 3H-leucine in Krebs solution, and the biosynthetic globin chain ratio was determined after incubation times of 5 , 20, 30, and 90 minutes?
A region of the @-globin gene was amplified using polymerase chain reaction (ER): including exons 1 and 2 and intron 1, using genomic DNA as template and primers sited at -158 to -138 (5'-AAGCCAGTGCCAGAAGAGCC-3') and IVS 2 nt 4-17 (5'-ACA-TCAAGGGTCCCATAGAC-3'). The amplified fragment was sequenced directly with internal oligonucleotides using the dideoxy chain termination method of Sanger et a18 following the sequenase version 2.0 protocol (USB-Amersham, UK) with the following modifications. The annealing mix was boiled for 10 minutes and snap frozen. The labeling reaction was incubated for I minute at room temperature. To rule out the coexistence of other gross abnormalities of the globin genes, both the (z and p globin gene clusters were analyzed by Southern blot analysis, using genomic a, C , , @, and y globin gene-specific probes.','"
RESULTS

Hematologic jindings and family study.
In the steady state, the patient had a mild to moderate normocytic, normochromic anemia, with evidence of chronic hemolysis (Table l). The blood smear stained with May-Griinwald Giemsa showed hypochromia with prominent punctate basophilia and some poikilocytosis (Fig 2A) . Supravital stain showed classical Heinz bodies as well as very fine and numerous inclusion bodies in many of the red blood cells (RBCs).
Other members of the family ( Table 1 and Fig 3) , apart from the patient's sister (111-4), had normal or nearly normal Hb levels, normal RBC indices, and minimal morphologic abnormalities ( Fig 2B) . However, six of the eight members of the family we were able to test (all except 11-3 and 111-3) had significant reticulocytosis. In all of these, Heinz bodies could be readily induced by incubating a peripheral blood sample at 50°C for 1 hour. Both glucose-6-phosphate dehydrogenase (G6PD) and 2,3 DPG levels were increased to an extent consistent with reticulocytosis. Hb studies. Hb electrophoresis on cellulose acetate (pH 8.5) of the patient's fresh hemolysate yielded a normal pattern. However, after the hemolysate had been stored for 24 hours at 4"C, the pattern was modified in that a smear appeared in the region between Hb A and Hb A2 (Fig 4) . Similar results were obtained in the other family members with reticulocytosis. The apparent increase in Hb A*, ranging from 4.0% to 5.0% (normal range, 1.5% to 3.0%), must therefore be regarded as artefactual. Hb F levels were slightly increased in some but not all subjects who had the abnormal Hb ( Table 1) .
The smear on the electrophoretic strip suggested an unstable Hb, and this was confirmed by the demonstration of a heat-labile Hb component (Fig 5) . After 5 hours at 50°C 50% of the patient's Hb was denatured (at longer incubation times normal Hb also begins to denature). Family members with a positive result of a heat stability test had estimated levels of 12% to 20% (control level, 2%). We inferred that the patient was homozygous for the unstable variant and that subjects I-1, 11-1, 11-2, 11-4, 111-1, and 111-4 were heterozygous. Homozygosity of the patient was compatible with both of her (consanguineous) parents being heterozygous. The patient's biosynthetic globin chain analysis showed two globin peaks eluting at the normal positions of p-and a-globin. Because the patient is homozygous, we infer that the variant globin chain elutes from the carboxymethylcellulose column (pH 6.32) at the same position as the normal ,&globin chain. From quantitation of the radioactivity incorporated, a progressive deficit of &globin chains was observed with increasing incubation time ( Table 2 ). This result must be due to rapid degradation of abnormal &chains.
Identijication of the abnormal Hb. Sequencing of the pglobin gene showed a G to T base substitution within codon (ie, GGC to GTC) that predicts that the glycine residue in this position is replaced by valine. This amino acid replacement has been previously reported in Hb Bushwick," an unstable variant. The sequence analysis indicated that the patient is homozygous for the mutation. The G to T base change causes the loss of an Hue111 restriction enzyme site. Using this enzyme, we confirmed that both parents, two siblings, the grandmother, and one aunt of the patient are indeed heterozygous for Hb Bushwick.
DISCUSSION
To the best of our knowledge, this is the first report of the homozygous state for an unstable Hb variant. One might Our patient' S condition had gone undetected until 13 years of age, although she was anemic, jaundiced, and below the 10th percentile in weight and height. The study of this family gave us an opportunity for the first time to compare the clinical expression of CHBA in a homozygote and in heterozygotes. In keeping with previous reports in the literature L nificant but compensated hemolytic disorder that is consider- (Table 3) ,"*'s*'6 heterozygotes for Hb Bushwick have a sigably milder than that observed with some other unstable Hbs. The mildness of the heterozygous state is almost certainly related to the fact that the homozygous state is compatible with life and demonstrates the dosage effect in its expression.
We do not know whether the same would be true for Hbs that are more unstable. The closest match we could find in the literature is that of two reported cases of compound heterozygosity for Hb Duartel~-thalassemia" and Hb Koln/ p-thalassemia." The 20-year-old man with Hb Duarte and @"thalassemia was investigated for darkening urine and jaundice, but was said to be "essentially asymptomatic," even though he had a markedly enlarged spleen. His Hb level was 15 g/dL and his reticulocyte count was 10.4%. The normal Hb may be attributed to the increased oxygen affinity of Hb Duarte (Ps0, 16.03)." The 35-year-old patient who was compound heterozygous for Hb Koln and p-thalassemia was reported to have tolerated her hemolytic anemia surprisingly well, requiring transfusions only on "occasions of various infections." Her clinical picture stabilized at 12 years of age, after which she required blood transfusion only once. Although our patient has also required blood transfusion only once, she does have chronic hemolytic anemia, which is susceptible to acute exacerbations; in at least one have surmised that this condition would be incompatible with life, but our patient shows that it is not.
Clinical Jindings. The clinical presentation of unstable Hbs is ~a r i a b l e~. '~. '~ and may be associated with both chronic hemolytic anemia and with episodes of acute exacerbation, as in our patient. These may be triggered both in the homozyinstance the anemia appeared to have been worsened by infection.
Laboratory diagnosis. The diagnosis of mildly unstable Hb variants is not easy, as highlighted by this case. The Hb electrophoretic pattern and the Hb A2 level were normal when a fresh sample was analyzed. A smear between Hb A and Hb A2 was only observed when a 24-hour-old sample was analyzed. The artefactual overestimation of Hb A2 is most probably due to heme depletion, thus confirming the instability of Hb Bushwick. We also note that Hb Bushwick had been classified as a slow-moving Hb,I9 whereas its electrophoretic mobility is in fact normal, as expected for a Gly to Val replacement. The most likely explanation for this discrepancy is that what was reported to be the Hb variant was in fact a partially heme-depleted species. Furthermore, the heat stability test showed the presence of an abnormal Hb only after the incubation time had been extended from the normally recommended time of 1 hour to 3 hours. In light of this experience, we have adopted this prolonged incubation as part of our regular protocol when investigating unstable Hb and have not yet encountered false-positive results to date.
Pathophysiology. The nature of the patient's anemia is certainly hemolytic, which is evident from the reticulocytosis and hyperbilirubinemia in the steady state. Hb Bushwick is relatively stable as a heme-containing tetramer, but once the heme group is oxidized it may be lost and then Hb Bushwick rapidly denatures. Thus, the stability of the molecule appears to be in a fine balance. This balance is tipped heavily when an infection or a drug causes oxidative damage, leading to severe hemolysis, as illustrated by our patient and in previous reported cases of individuals heterozygous for Hb Bushwick (Table 3 ). In view of our biosynthetic studies showing unstable &globin chains, we suspect that the anemia is due in part to ineffective erythropoiesis.
Molecular basis.
Glycine E18p74 is an internal residue located in a surface crevice that lies between the E and F -origin which explains the artefactually remain within the heme crevice; because its size is much larger than glycine, valine more drastically compromises the integrity of the heme-globin structure. Our biosynthetic studies suggest that fiRushwulck globin chains are intrinsically unstable, regardless of whether they are bound to heme ( Table 2) .
which, although the finurhWick and p" chains were synthesized at a similar rate, the pA:pBurhwick ratio increased markedly after 50 to 120 minutes of incubation, indicating rapid postsynthetic loss of the abnormal chain. For personal use only. on September 24, 2017. by guest www.bloodjournal.org From
